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Abstract
This study proposes a method to measure geographical risk from tsunami run-up events based on socioeconomic-environmental data. The physical
exposure of Japan to tsunami run-up events is computed based upon 1-km grid square statistics from the population census of the Japanese
Statistics Bureau of the Ministry of Internal Aﬀairs and Communication, 1-km grid square national land numerical information downloaded from
the National and Regional Policy Bureau of the Japanese Ministry of Land, Infrastructure, Transport and Tourism, and tsunami run-up catalog
data downloaded from NOAA Tsunami Data and Information.
Using estimates of physical exposure in each 1-km square grid, we deﬁne the physical exposure of potential passengers and freight as the
sum of physical exposures over the area close to an airport. Information on Japanese domestic air transportation is further extracted as a network
consisting of airports and ﬂights. Using an exposed value as the sum of passengers of ﬂights landing at and taking oﬀ from each airport and the
sum of freight weight at each airport, we compute values of the physical exposure of both conﬂuence and logistics for 86 Japanese airports in
terms of tsunami run-up events.
c© 2014 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of the International Scientiﬁc Committee of “RoMaC 2014” in the person of the Conference Chair
Prof. Dr.-Ing. Katja Windt.
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1. Introduction
Recent advances in information and communication tech-
nology make it possible to examine objects from a substantial
amount of data. The so-called data-centric sciences are emerg-
ing in various ﬁelds.
Data-driven investigation consists of data acquisition, data
collection, data analysis, and interpretation. A feasible study
based on data, called explanatory data analysis, forms a Plan-
Do-Check-Action (PDCA) cycle, which is often implemented
as iterations of a PDCA feedback loop. In explanatory data
analysis, the following procedure is often used; (P) plan to in-
vestigate data and prepare a data set, (D) compute fundamen-
tal statistics and visualize data, (C) understand properties of
data, and (A) determine a methodology to analyze data and at-
tempt to acquire additional data. Data synthesis is also a useful
method of obtaining more information than can be got from a
single database only. Several databases can be synthesized with
a common element such as spatio-temporal information. Re-
cently, risks of air transportation have been successively studied
by many researchers [1].
It is often argued that current human activities is stretch-
ing the capacity of our planet. The concentration of atmo-
spheric carbon dioxide increases year by year, having risen
from 310 ppm in March 1955, and topped 400 ppm in April
2014 throughout the northern hemisphere [2]. Human activ-
ity, notably the consumption of fossil fuels, is driven by both
economic and societal mechanisms. If we are to reduce our ac-
tivity, we need to understand its extent and impact qualitatively
and quantitatively.
According to IATA, aviation worldwide is responsible for
2% of CO2 emissions from all manmade sources in 2012. In ad-
dition to emissions from ﬂights, air transportation causes dam-
age in and around airports.
Airlines need to consider proﬁts from air transportation in
relation to various types of risks, and insurance companies
equally need to quantify the risks in commercial aviation in or-
der to develop insurance packages for air travelers and freight
carries.
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In this study, we attempt to estimate the physical expo-
sure of airports and aircraft to destruction by tsunamis. We
propose a method of measuring geographical risk based on
socioeconomic-environmental data. We consider the risks in-
volved in two types of air transportation: passengers (conﬂu-
ence) and freight (logistics). The exposed value of conﬂuence
is assumed to be the number of passengers, and the exposed
value of logistics to be quantiﬁes of freight.
Table 1 shows events that cause cancellation of ﬂights.
Tsunami damage is one of the most signiﬁcant among natural
disasters, causing a long down period. A tsunami may cause se-
vere damage to an airport’s facilities, workforce and consumers
with long-term negative eﬀects on air transportation, resulting
in huge economic losses. In the case of the Great East Japan
Earthquake on March 2011, Sendai Airport (SDJ/RJSS) was
damaged by a tsunami and was closed for one month. Its eco-
nomic impact is still being felt three years on.
There are three general types of risks involved in air trans-
port:
1. the economic and physical risks of potential passengers
and freight
2. airport shut-down risks, resulting in cancellation of all
ﬂights
3. the risk of cancellation of ﬂights in other circumstances
To estimate the economic and physical risks to passengers, we
need to calculate the value of potential passenger’s exposure
to risk. This is estimated from the population who live near
airports. To estimate the shut-down risks of airports and thereby
the risk of cancellation of all the ﬂights, we need to infer the
risks to which airports are exposed and the number of ﬂights
canceled as a result of shut-down.
Table 1. Events that cause ﬂight cancellations and airport down periods.
Causes Events Down periods
Natural disaster Tsunami Long-medium term
Natural disaster Earthquake Medium term
Natural disaster Volcanic eruption Medium term
Natural disaster Flood Long-medium term
Natural disaster Typhoon Short term
Natural disaster Snow storm Short term
Man-made disaster Strike Short term
Accident Blackout Short term
Data linkage is the method used to acquire information on
the risks of socio-economic systems. We use geographical in-
formation on events as a key element to connect data from dif-
ferent sources. We use 1-km square grid statistics extracted
from national land numerical information produced by the
Japanese National and Regional Policy Bureau of the Ministry
of Land, Infrastructure, Transport, and Tourism [3], and 1-km
square grid statistics on population provided by the Japanese
Statistics Bureau [4]. The shut-down risks of airports and con-
sequent cancellation of ﬂights are estimated from Japanese do-
mestic air transportation information on the network of airports
and ﬂights published by the Japanese Ministry of Land, Infras-
tructure, Transport, and Tourism [5].
To estimate risks, we use tsunami run-up catalog data down-
loaded from NOAA Tsunami Data and Information [6], which
contains data on tsunami events from 2000 BC to the present
day in the Atlantic, Indian, and Paciﬁc Oceans; and theMediter-
ranean and Caribbean Seas. Speciﬁcally, we attempt to estimate
risks to the Japanese domestic transportation network.
2. Risks
2.1. Risk index
Swiss RE proposes a global ranking for cities under threat
from natural disasters [7]. Munich RE proposes a risk indicator
that operates by multiplying hazard, vulnerability, and exposed
value [8]. Hazard represents the probability of natural disasters
such as earthquakes, storms, ﬂoods, and tsunamis; vulnerabil-
ity relates to the structure of buildings, residential density, and
levels of security measures; and exposed value expresses the
economic value of lack of protection from natural disasters.
2.2. Physical exposure
In general, there is an assumption of multiplication among
hazard, vulnerability, and exposed value in estimating risk. In
the case of risk of loss of lives, risk R represents an expected
value of loss of lives, deﬁned as
R = F × Vul × Pop, (1)
where F [events/year] (hazard) represents the frequency of a
natural disaster, Vul is vulnerability, having a value ranging
from 0 to 1, and Pop [killed persons/year] expresses the pop-
ulation exposed to the natural disaster. The multiplication of
frequency of a natural disaster by the population exposed to the
natural disaster. The multiplication of frequency of a natural
disaster by the population exposed to the natural disaster
PhExp = F × Pop, (2)
is called physical exposure, which corresponds to an expected
loss under the worst of conditions (Vul = 1) [9]. More gener-
ally, assuming n kinds of disasters i (i = 1, . . . , n), we extend
the deﬁnition of the physical exposure to
PhExp =
n∑
i=1
Fi × Popi, (3)
where Fi represents the frequency of the i-th type of disaster
[events/year], and Popi is the population exposed to the i-th
type of disaster.
Even though the physical exposure PhExp is high, we can
reduce the risk R by taking measures against the disaster. How-
ever, because potential risk depends on place, we need to iden-
tify the precise location where change the structure needs to
be changed. This corresponds to estimating physical exposure
PhExp in space. In this study, we focus on the physical expo-
sure as a function in terms of geographical position.
3. Data
According to the 2010 Japanese census, the total popula-
tion of Japan is estimated as 128,057,346. The total size of
areas where more than one person lives is estimated as at least
180,218 km2. This is about 47.6% of the land mass of Japan
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(377,900 km2). The 1-km square grid national land numerical
information is based on the 10-m square grid numerical map
produced by the Geographic Survey Institute of the Ministry of
Land, Infrastructure, Transport and Tourism in Japan [10].
Figure 1 shows (left) the proportion of the total population
in terms of altitude H [m] and (right) the total size of areas in
terms of altitude H [m]. The total population living in places
less than 5 meters above sea level is estimated at about 19 mil-
lion, and the total size of such areas is 8,287 km2 (2.19% in land
area of Japan). The total population living in places less than 1
meter above sea level is estimated as 3.44 million, and the total
size of such area 999 km2 (0.26%). These ﬁgures are in close
agreement with those of Wakita and Fukuwa [11]. However,
their estimation includes the potential economic value of expo-
sure to tsunamis that does not take into account the frequency
of tsunami run-up.
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Fig. 1. (Left) The ratio of the total population to the population of people living
in places higher than the lowest altitude H[m]. (Right) The ratio of the total
area of Japan to the area where people live in places higher than the lowest
altitude H[m].
4. Assessment of spatial risks
Catalog data on tsunamis for the last 1000 years include date
on tsunami run-up (UTC), geographical position (latitude and
longitude), the amplitude of water height, and levels of physical
damage (the number of deaths, the number of injured, and the
number of buildings destructed). We compute the frequencies
of tsunami run-up F(r) from relative frequencies of tsunami
events with wave heights more than at altitude H. The dis-
tance between r and e is calculated from latitude and longi-
tude, using WGS-84, which is based on a reference ellipsoid
with major radius a = 6, 378, 137 m at the equator and ﬂatten-
ing f = 1/298.257223563. The polar semi-minor axis equals
b = 6, 356, 752.3142 m, which is computed from b = a(1 − f ).
We regard an eﬀective event as a tsunami run-up event that
occurs after the following conditions within radius Dth [km]
from the position r: (1) the wave height is larger than the al-
titude at position r, and (2) the number of deaths is more than
10 persons at less than 5 m altitude above position r.
The simplest way to infer the frequency is by estimating rel-
ative frequency, which is deﬁned as
F1(r) =
n(r;Dth)
T
, (4)
where n(r;Dth) is the number of eﬀective events within radius
Dth and T is the data period. Throughout this investigation T
is set as 1,000 years. However, using relative frequency has
some disadvantages. Speciﬁcally, we cannot compute proba-
bilities at more than the maximum value of observations, since
the relative frequency of events that are not recorded in the ob-
servations should be zero.
An alternative method for estimating frequency is extrapola-
tion, under an assumption of an adequate probability density
function. Let us suppose that we have historical records on
tsunami run-up events for T years. Let xi(r) (i = 1, . . . , n(r))
represent amplitude (wave height) of the tsunami run-up events
observed within a radius Dth [km] of position r. Since the am-
plitude of the tsunami is non-negative, we assume a generalized
Pareto distribution (GPD) [12]
Pr(X ≤ x) = 1 −
(
1 +
ξ(x − μ)
β
)− 1ξ
, (5)
where ξ is a shape parameter, β a scale parameter, and μ a lo-
cation parameter. The probability density function of Eq. (5) is
given as
p(x) =
1
β
(
1 +
ξ(x − μ)
β
)− 1ξ −1
. (6)
In the case of ξ = 0, this is equivalent to an exponential distri-
bution, deﬁned as
Pr(X ≤ x) = 1 − exp
(
− x − μ
β
)
. (7)
For ξ > 0, Eq. (5) can express a one-sided heavy-tailed distri-
bution. We can obtain the parameter estimates (ξˆ, βˆ, μˆ) from the
observations xi(r), using parameter estimation procedures such
as the maximum likelihood method, moment matching method,
or probability weighted moments matching method [13]. The
probability that the tsunami with altitude greater than H will
run up at position r is given as
p(H) = Pr(X ≥ H) =
(
1 +
ξˆ(H − μˆ)
βˆ
)− 1
ξˆ
. (8)
Moreover, the frequency [events/year] can be inferred as
F2(r) =
N(r;Dth)
T
p(H), (9)
where N(r,Dth) is the number of recorded events within radius
Dth at position r. Table 2 shows parameter estimates at four
locations (Kansai International Airport (KIX/RJBB), Tokyo In-
ternational Airport (HND/RJTT), Chubu Centrair International
Airport (NGO/RJGG), Sendai Airport (SDJ/RJSS)). The pa-
rameter estimates are obtained by the probability weighted mo-
ment machining method for tsunami records having amplitude
more than 0.01 m. Since parameter μ is unbounded, the GPD
estimation needs to set a threshold value. We set the threshold
value of amplitude as 0.01 m [13]. Figure 2 shows double loga-
rithmic plots of empirical complementary cumulative distribu-
tion functions and estimated complementary cumulative distri-
bution functions at four places. The estimated complementary
cumulative distribution functions can be observed to ﬁt well
with empirical ones.
Therefore, the physical exposure at position r is estimated as
PhExp(r) = F(r)Pop(r), (10)
where Pop(r) represents the exposed value at position r.
5. Physical exposure of potential passengers and freight
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Table 2. Parameter estimates of the generalized Pareto distribution for seven airports at Dth = 15 [km]. IATA and ICAO columns show International Air Transport
Association codes to express airports and their International Civil Aviation Organization codes.
airport name IATA ICAO longitude latitude ξ μ β
Kansai International Airport KIX RJBB 135.244003 34.427299 0.444478 0.010000 0.283316
Tokyo International Airport HND RJTT 139.779999 35.552299 0.516474 0.010000 0.559010
Chubu Centrair International Airport NGO RJGG 136.804993 34.858398 0.761349 0.010000 0.455824
Sendai Airport SDJ RJSS 140.917007 38.139702 -0.130310 0.010000 2.226658
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Fig. 2. Empirical complementary cumulative distribution function at four air-
ports: (a) Kansai International Airport (KIX/RJBB), (b) Tokyo International
Airport (HND/RJTT), (c) Chubu Centrair International Airport (NGO/RJGG),
and (d) Sendai Airport (SDJ/RJSS). Unﬁlled squares represent the empirical
complementary cumulative distribution function. A solid curve represents the
complementary cumulative distribution function derived from the GPD with
parameter estimates at Dth = 15 [km]. The parameter estimates are obtained
by the probability weighted moment machining method for tsunami records
having amplitude more than 0.01 m.
First, we estimate physical exposure in terms of loss of lives
from a tsunami disaster around an airport. The frequency is esti-
mated using the extrapolation procedure based on GPD shown
in Eqs. (8) and (9), and the exposed population is computed
from 1-km grid square statistics from the 2010 population cen-
sus. From Eq. (10), the physical exposure at the j-th mesh is
computed as
Q(r( j)) = F(r( j))Pop(r( j)), (11)
where r( j) expresses the position of the j-th grid, F(r( j)) the
frequency of tsunami run-up at the j-th grid, and Pop(r( j))
the population of people who live in the j-th grid. Figure 3
shows the complementary cumulative distribution function of
the physical exposure Q(r( j)) in Japan.
In 76.74% of the inhabited area of Japan (138,299.2
km2), the physical exposure is estimated as less than 0.025
persons/km2/year. In 8.69% of inhabited area (15,667.9 km2),
it is more than 1 person/km2/year, and in 2.86% of the inhab-
ited area (5,154.95 km2), it is more than 10 persons/km2/year.
The physical exposure in 0.41% of the inhabited area (750.84
km2) is estimated as 100 persons/km2/year. Table 3 shows
these values. Areas that have a physical exposure of 10
persons/km2/year. Some of them overlap with locations where
damage from tsunami was experienced in the Great East Japan
Earthquake on 11 March 2011. Others correspond to the areas
damaged by the Tonankai earthquake of 1944.
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Fig. 3. The complementary cumulative distribution function of physical expo-
sure in Japan. These values are computed from tsunami run-up catalog data
for the period from January 1000 to December 2010, 1-km grid square statis-
tics of population of Japanese population census in 2010, and 1-km grid square
statistics on altitudes from the Geographical Survey Institute in Japan. The pa-
rameter estimates are obtained by the probability weighted moments matching
method for tsunami records at Dth = 30 [km].
Table 3. Areas of physical exposure in Japan and their ratio to the total inhabited
area of Japan. The parameter estimates are obtained by the probability weighted
moment machining method for tsunami records having amplitude more than
0.01 m at Dth = 30 [km].
Ranks Ratio Living area
More than 1 person/year 8.69% 15,667.97 km2
More than 10 persons/year 2.86% 5,154.95 km2
More than 100 persons/year 0.41% 750.84 km2
We assume a physical exposure of demand (exposed value
is assumed as potential passengers and freight) of an airport as
the sum of physical exposures within a radius d of the airport.
Let r( j) represent the position of the j-th mesh, and ri represent
the position of the i-th airport. Then, the physical exposure of
potential passengers and freight of airport a is calculated as
PhExp(d)(a) =
∑
|ra−r( j)|≤d
Q(r( j)). (12)
Tokyo International Airport (HND/RJTT) shows the largest
physical exposures, 118,157 [person/year] within a 100 km ra-
dius. The second largest physical exposure is at Osaka Interna-
tional Airport, 40,665 [person/year] within 100 km radius; and
the third largest is 32,556 [person/year] within a 100 km radius
of Sendai Airport.
6. Physical exposure of Japanese domestic airports
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6.1. Physical exposure of conﬂuence and logistics
We suppose a network consisting of N nodes connected with
L links, and let wab denote a ﬂow from node a to node b (a, b =
1, . . . ,N). Clearly, the orthogonal element of a ﬂow is zero, so
that waa = 0. The ﬂow is assumed to correspond to the exposed
value from node a to node b. Assuming that the hazard at node
i is expressed as F(a), we can write the physical exposure at
node a as
PhExp(a) = F(a)
( N∑
b=1
wab +
N∑
b=1
wba
)
. (13)
We deﬁne the exposure of conﬂuence to shut-down risk at air-
port a as the number of passengers that land at airport a and the
number of passengers that take oﬀ from the airport. We further
deﬁne the exposure of logistics to shut-down risk at airport a
as the sum weight of freight (cargo + mail matter) in airplanes
that land at airport i and the sum weight of freight that takes oﬀ
from the airport.
Figure 4 shows 86 airports serving Japanese domestic ﬂights
and the routes of such ﬂights. This ﬁgure is based on Japanese
air transportation statistics from 2012 [5].
6.2. Physical exposure to tsunami
The coast of the Paciﬁc Ocean in East Japan was badly dam-
aged by the tsunami that followed the Great East Japan Earth-
quake on 11 March 2011. Sendai Airport in particular suﬀered
major damage that took a long time to repair. This paper con-
siders the risks of tsunami damage at other Japanese airports by
estimating the values of physical exposure at these locations.
We estimate physical exposure in these commercial airports
by assuming that the economic value of an airport exposed to
tsunami run-up events is the total number of passengers at the
airport in which airplanes took oﬀ and landed in a year.
The number of passengers in airplanes that land at and take
oﬀ from Tokyo International Airport (HND/RJTT) is the high-
est in Japan – 54,932,937 passengers in 2012. The number of
passengers in airplanes that land at and take oﬀ from Osaka
International Airport (ITM/RJOO) is about 12,234,954 passen-
gers in a year and is the second highest in Japan.
We calculated physical exposure of 86 commercial airports
in Japan.
The frequency F1(a) at airport a is computed from Eq.
(4) and PhExp1(a) represent its physical exposure of passen-
gers. In the case of PhExp1(a), the physical exposure of
Sendai Airport (SDJ/RJSS) is the largest in Japan, at 4,767.882.
The physical exposure of Chubu Centrair International Air-
port (NGO/RJGG) at 4478.792 [passengers/year] is the second
largest. The physical exposure of Ishigaki Airport (ISG/ROIG)
is the third largest, at 1,522.507 [passengers/year].
Physical exposure PhExp2(a) is estimated using the fre-
quency F2(a) computed from probability extrapolated with
GPD. PhExp2(a) is calculated as F2(a) times the number of
passengers. The physical exposure of Chubu Centrair Interna-
tional Airport is the largest, which is estimated as 4,478.792.
The second largest is Sendai Airport (SDJ/RJSS) which have
1,976.26 [passenger/year]. Ishigaki Airport is the third largest
and shows 204.226 [passenger/year].
The physical exposure of freight (cargo + mail matter)
are considered (Dth=10 km). In the case of PhExp1(a),
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Fig. 4. The network structure of Japanese domestic air transportation, taken
from air transportation statistics for 2012. (a) the number of seats. (b) The sum
of freight weight.
the physical exposure of Chubu Centrair International Airport
(NGO/RJGG) is the largest in Japan, amounting to 28,951.541
[Mg/year]. The second largest is Ishigaki Airport (ISG/ROIG),
at 18,725.36 [Mg/year]. The physical exposure of Sendai Air-
port is the third largest at 13,512.09 [Mg/year]. In the case
of PhExp2(a), the physical exposure of Chubu Centrair In-
ternational Airport (NGO/RJGG) is the largest in Japan, at
28,951.541 [Mg/year]. The physical exposure of Sendai Air-
port (SDJ/RJSS) is the second largest at 5600.70 [Mg/year].
The physical exposure of Ishigaki Airport is the third largest,
at 2511.78 [Mg/year].
The value of the physical exposure depends on the value of
parameter Dth, since the frequency F2 depends on Dth, as shown
in Figure 5. This dependence comes from the diﬀerence be-
tween the number of events observed near the airports. The
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smaller Dth should be adopted to estimate physical exposure.
We still have the diﬃculty of ﬁnding a method to determine the
parameter Dth in estimating frequency F(a) . Because tsunami
run-up events are extreme events, a histogram for events is not
a good method by which to estimate the tail probability. The
extrapolation procedure under an assumption of the GPD can
produce an estimation of tail risk corresponding to so-called
extreme events.
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Fig. 5. Relationship between radius Dth and frequency F2 for four major air-
ports (Tokyo International Airport, Osaka International Airport, Sendai Airport
and Chubu Centrair International Airport).
7. Conclusion
In this study, we proposed a method to assess the spatial risks
of tsunami run-up events and estimated physical exposure of
airports to destruction by tsunamis from both the conﬂuence
and logistics points of view. The proposed method is based on
an estimate of 100 persons/km2/year in 0.41% of the inhabited
are (750.84km2) of Japan. Although the estimates use data from
the tsunami run-up catalog for the period from January 1000 to
December 2010, the areas that suﬀered from tsunami damage
in the Great East Japan Earthquake on 11 March 2011 are in-
cluded in the areas where large values of physical exposure are
estimated.
We deﬁned two types of physical exposure at airports; the
physical exposure to potential passengers and freight, estimated
from the sum of physical exposures of people who live around
the airport and the sum of physical exposures of passengers
and freight carried by the aircraft. We assessed physical ex-
posure for 86 Japanese airports recorded in Japanese domestic
air transportation statistics. We found high physical exposure
to potential passengers and freight at Tokyo International Air-
port, Osaka International Airport, Kobe Airport, Naha Airport,
Nagoya Airport, Kohchi Airport, Niigata Airport, Kansai In-
ternational Airport, Sendai Airport and Hakodate Airport. The
physical exposures of conﬂuence and logistics are coincident
up to the third largest airport in the case of PhExp2(a). It was
estimated that physical exposures at Chubu Centrair Interna-
tional Airport, Sendai Airport and Ishigaki Airport were high.
Both the risk to lose lives and the supply chain risk are strongly
correlated. It is suggested that the high risk sites should not be
developed and further the lower risk locations should be devel-
oped.
For future research, we need to develop a reliable method for
inferring the frequency of tsunami run-up evaluating estimation
errors included in the estimated physical exposure. This means
ﬁnding a method to determine adequate radius Dth to calculate
the frequency (hazard). The optimal interpolation schemes [14]
is one of promising methods to solve this problem. The ac-
curacy of probability estimated for a tail should be evaluated
with the bootstrap method or jackknife method, to identify es-
timation errors in the calculated physical exposure. To do so,
we need rich computation. Furthermore, future research should
measure the economic value of airports and apply the proposed
method to international air transportation. This type of inves-
tigation should be extended in the world scale. To do so, we
need data on population, geography (latitude, longitude and el-
evation), and air transportation statistics in a global scale.
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